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Abstract 
This paper presents a localization system for Wireless Sensor Networks (WSN) based on ultrasonic 
(US) Time-of-Flight (ToF) measurements. The participants send out US pulses while a central 
localization unit measures the Time-Difference-of-Arrival (TDoA) between four US sensors to calculate 
the Angle-of-Arrival (AoA). The radio frequency (RF) transceiver of the sensor nodes enables distance 
measurements using TDoA (US vs. RF) in addition. This improves the localization accuracy significantly 
since the estimated distance from triangulation suffers excessively from even small angle errors. Several 
filter stages including Kalman-filtering minimize the number of outliers and fluctuations of the calculated 
distances and angles. Those computed polar coordinates (angle / distance) are converted into a Cartesian 
form and forwarded to a base station which is connected to a PC. The mean error and standard deviation 
of the angle and distance measurements (1.36 ° ± 0.39 ° / 1.00 cm ± 0.14 cm) lead to a small mean 
localization error of 4.21 cm and a standard deviation of 0.57 cm. 
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1. Introduction 
In a WSN the sensor position is comparatively as important as the sensor value itself. Without the 
knowledge of the location the information of a sensor is incomplete, and especially wireless devices are 
mobile by definition and therefore impede the assumption of a predefined and static position. Instead of 
using multiple landmarks to determine the location of a sensor node [1] a single central localization unit is 
used in our work. This minimizes the requirements of the further participant of the network regarding 
timing synchronization, hardware complexity and, therefore, energy consumption. 
2. Localization Measurement System 
In contrast to a previous multilateration implementation that based on distance measurements with 
RSSI (Received Signal Strength Indicator) and led to huge distance and therefore localization errors [2], 
this work focuses on a ToF technique. Our first design was a triangulation approach, but since the angle 
error is up to 2.51 ° (see Fig. 1 and Tab. 1) the estimated distance of the intersected angles is unreliable. In 
order to improve the accuracy, an additional radio frequency (RF) pulse is sent to enable a TDoA distance 
measurement [3].  
 
           Tab. 1: Results of AoA-Measurements @ 1 m [°]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Results of AoA-Measurements @ 1 m [°]. 
 
The final system is illustrated in Fig. 2, the sensor node (Fig. 4) sends an US / RF pulse towards the 
receiver (Fig. 5) performing FPGA-based timestamp measurement. The attached sensor node processes 
the data including Kalman-filtering [4] to minimize the number of outliers and fluctuations. The 
calculated polar coordinates (angle / distance) are transformed into Cartesian form and forwarded to a base 
station which is connected to a PC. The angle calculation is based on the different ToA at each receiver, 
e.g. the angle ߙ௧ in Fig. 3 is equal to  
 
ߙ௧ ൌ ͻͲι െ ܽܿ݋ݏൣݒோிሺοݐସ െ ȟݐଵሻ ൫ξʹ݀௦൯Τ ൧. 
 
 As the propagation speed of US signals is negligibly small, compared to RF signals, the distance ݀௧ 
can be approximated by  
 
݀௧ ൎ ȟݐହ ڄ ݒோி, 
 
where ݒோி is the speed of sound and ȟݐହ is the time difference of arrival between the RF and US pulse.  
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Fig. 2: Concept of Localization-System in WSN using              Fig. 3: Timestamps, Distances and Angles  
            Angle-of-Arrival and Distance.         for AoA-Calculation. 
The microcontroller (MSP430) of the wireless sensor node has a sample frequency of about 32 kHz. 
For a side length ݀௦ ൌ ͺ cm of the US receiver board the angular resolution would be 5.4 ° resulting in a 
localization error up to 14 cm @ 150 cm distance. For better results we used a Xilinx Spartan-3E FPGA 
board as digital sampling device with 50 MHz sample frequency causing an error below 1 cm under the 
same circumstances.  
In general, the hardware implementation consists of a global control sequencer, a serial data 
communication module (UART), an internal timer and a finite state machine (FSM). It also comprises 
input / output (IO) ports, connecting the device to the US receiver board as well as to the wireless sensor 
node (Telos Rev. B). The global sequencer controls the data exchange by considering several pre-defined 
operating constraints. The FSM handles the entire transmission task comprising the data transmission 
order or the UART setup. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Wireless Sensor Node with Ultrasonic Sender-Board.     Fig. 5: Ultrasonic Receiver-Board.  
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3. Experimental Setup and Results 
The final experiment to verify our system involves eight indoor localization measurements on the 
outline of a ͵ ൈ ͵  rectangle (see Fig. 6) including 1000 samples for each position. The small 
localization / RMS error ൌ ඥሺݔ௧ െ ݔሻଶ ൅ ሺݕ௧ െ ݕሻଶ, considering all measurements, is 4.21 cm in mean and 
only has a 0.57 cm standard deviation The results for all single positions is presented in Tab. 2.  
 
        Tab. 2: Results of Localization-Measurements [cm]. 
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Fig. 6: Visualization of Localization-Measurement. 
 
4. Conclusion 
A measurement system for accurate and reliable localization in WSN using angle and distance 
measurements via US was presented. Compared to RSSI using US and ToF is much more precise and 
accurate. But there are also some disadvantages: US consumes more energy, has a lower range and the 
speed of sound depends on the environmental temperature and humidity. Nevertheless, only ToF 
techniques can achieve such good results. And since US is much slower than RF, the requirements for the 
time measurements in the FPGA are less stringent. 
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